In this study, IgG fractions from sera of SLE patients with anti-Ro/SSA or anti-Ro/ SSA and anti-La/SSB activity were tested in Langendorff preparations of adult rabbit hearts, aiming to reproduce the cardiac manifestations observed in neonatal lupus in an experimental model. The hearts were perfused with normal Tyrode's solution for 30 min, followed by perfusion with Tyrode's containing 0.3 mg/ml of anti-Ro / SSA-(or antiRo/La-) positive IgG (nine sera), anti-ribonucleoprotein (RNP)-positive IgG (five sera), or IgG fractions from normal donors (five sera). In one third of the experiments done with anti-Ro/La-positive IgG, heart block was observed. With the remaining fractions, a decrease in heart rate of 17.1% was observed, but normal sinus rhythm was maintained. The IgG fractions with anti-RNP activity (five experiments) and from normal sera (six experiments) reduced heart rates by 12.9 and 3.3%, respectively, but heart block was not observed.
served, but normal sinus rhythm was maintained. The IgG fractions with anti-RNP activity (five experiments) and from normal sera (six experiments) reduced heart rates by 12.9 and 3.3%, respectively, but heart block was not observed.
To further characterize the cellular mechanisms involved in the conduction disturbances observed in the whole rabbit hearts, we conducted experiments with ventricular myocytes isolated from young rabbit hearts, studied by whole cell patchclamp technique. In these experiments, the slow inward currents were analyzed during the superfusion of the cell with normal Tyrode's solution and 5 min after superfusion with Tyrode's solution containing 0.3 mg/ml of anti-Ro/SSA-(or anti-Ro/La-) positive IgG (five sera), anti-RNP-positive IgG (three sera), or IgG from normal donors (four sera). Resting and action potential amplitudes were not affected by any of the sera used. The anti-Ro/SSA IgG fraction induced a mean reduction in the peak slow inward current of 31.6%. IgG fractions with anti-RNP activity reduced slow inward current by 4.4%, whereas IgG fractions from normal donors increased this current by 3.3%. IgG-free fractions from sera of patients with anti-Ro/SSA activity did not alter the peak slow inward current.
This work was presented in preliminary form at the Third International Conference on Systemic Lupus Erythematosus in April 1992.
Introduction
Ro/SSA and La/SSB are polypeptides associated with small RNA species known as the hY RNAs ( 1 ) and RNA polymerase III (2) products, respectively. The functional role of the Ro peptides is still unknown, but the La particle is a transcription termination factor of RNA polymerase III (2) . Antibodies to Ro/SSA and La/SSB components of the small nuclear and cytoplasmic ribonucleoproteins are encountered frequently in autoimmune diseases. Among these, the most common are Sjogren's syndrome, SLE, and subacute cutaneous lupus erythematosus (3) (4) (5) (6) . cDNAs encoding three different Ro peptides have been cloned, with molecular masses ranging from 46 to 60 kD (7) (8) (9) , but fusion proteins ofonly two ofthese peptides (the 52 and 60 kD) have been shown to react with anti-Ro-positive sera from SLE and Sjogren's syndrome patients. The cDNA for the La/SSB polypeptide has also been cloned (10) and has been shown to correspond to a 48-kD peptide.
Antibodies to these proteins are found in almost all infants with neonatal lupus erythematosus (NLE) (11) .' The syndrome is characterized by a photosensitive cutaneous erythema and, fortunately less frequently, by complete heart block (CHB) ( 12) . The erythema is usually transient ( 13) , whereas the heart block is irreversible in most cases and can lead to intrauterine death ( 14) . Although complete atrial-ventricular (A-V) block is the usual manifestation of cardiac disorder, there have been reports of transient bradycardias and of first and second degree A-V blocks associated with NLE (15) (16) (17) .
Transplacental transfer ofmaternal anti-Ro and / or anti-La antibodies has a strong temporal association with the presence of cutaneous lupus in infants with NLE. However, in animal models where such transfer was shown to occur, the skin lesions typical ofNLE were not detected, even though deposition of IgG in human skin grafts in the offspring could be clearly demonstrated ( 18, 19) . In contrast, the presence of anti-Ro and/or anti-La antibodies in a number of autoimmune disorders in adults is rarely associated with the cardiac conduction disorders observed in infants (20, 21) . Taken Until recently, animal models for the cardiac disorders of NLE had not been described. In 1992, Alexander et al. (22) reported a reduction in action potential duration in papillary muscles from newborn rabbit hearts perfused with sera from anti-Ro-positive patients. They further reported that the effect was only present in the IgG-enriched fraction from these sera, that hearts from adult rabbits were unaffected by the anti-Ropositive sera, and that sera from lupus patients with other antibody specificities did not alter action potential duration in newborn rabbit hearts.
Since the complete A-V block is the most common conduction disorder in NLE, we investigated the effects of IgGenriched fractions from anti-Ro-and anti-Ro/La-positive sera in whole hearts from young, adult rabbits perfused by the Langendorff technique. The rationale was that complete A-V blockade is usually associated with conduction failure within the A-V node or in the His's bundle before it branches, and therefore the isolated intact heart seemed a more appropriate animal model in which to study the conduction disorders associated with NLE. A utoantibody analysis. All sera were tested by indirect immunofluorescence using mouse livers (24) and Clostridium luciliae (25) as substrates for the detection of anti-nuclear and anti-native DNA antibodies, respectively. Anti-Ro/SSA, La/SSB, Sm, and RNP antibodies were detected by counterimmunoelectrophoresis, using dog spleen saline extract as the source of antigen (26) . Reference sera, with known specificities, were used to characterize the precipitating antibodies in each tested serum. The presence of anticardiolipin antibodies was tested by a standardized ELISA method (27) and anti-ribosomal P antibodies by Western blotting (28) . For the present study, we selected 1 anti-Ro/SSA-and anti-La/SSB-positive serum, 10 anti-Ro/SSApositive monospecific sera, 8 anti-RNP-positive monospecific sera, and 9 control sera from normal donors.
Fractionation of the sera. All sera were precipitated by treatment with saturated ammonium sulfate for 90 min on ice, followed by centrifugation at 10,000 rpm for 30 min. The pellet was resuspended in a Tris-buffered saline (20 mM Tris, 150 mM NaCI, pH 8.0), and IgG was purified by protein A/Sepharose gel separation. In addition, the IgG-depleted (IgG-) fraction was collected. IgG-enriched (IgG+) and IgG-fractions were then dialyzed against calcium-free Tyrode's solution (mM: NaCI 137, glucose 6, NaHCO3 12, KCI 2.7, Na2HPO4 1.8, and MgCl2 0.5; to obtain Ca-containing Tyrode's, 2.7 mM CaC12 was added) overnight at 40C. After dialysis, protein concentration in the fractions was determined by the Bradford method (29) , and the purity of the fractions was evaluated by immunodiffusion against human anti-total Ig, anti-IgG, and anti-albumin (Cappel, Durham, NC).
Electrocardiogram (EKG) recordings in isolated rabbit hearts. Adult rabbits weighing -1,800 g were killed by cervical dislocation. Their hearts were rapidly removed and cannulated through the aorta for continuous perfusion ofthe coronary system with Tyrode's solution at 37'C. After rinsing all the blood from the coronary circulation, the heart was lowered into a beaker containing prewarmed Tyrode's solution. Three glass electrodes, filled with 1 M NaCI, were then positioned inside the beaker to obtain optimal electrocardiographic recordings. Two of the electrodes were connected to the differential inputs of an amplifier (3A-9; Tektronix Inc., Beaverton, OR), and the third was connected to ground. Recordings were displayed on an oscilloscope (565; Tektronix Inc.) and on a two-channel chart-recorder (model 2200; Gould Inc., Glen Burnie, MD). Experimental protocol consisted of taking control records for 30 min in Tyrode's, at least a 30-min perfusion period with Tyrode's containing 0.3 mg/ml of the IgG+ fraction being tested, and a return to Tyrode's for variable periods.
Patch-clamp recordings in isolated cardiac myocytes. Isolated ventricular myocytes were obtained by collagenase digestion of young rabbit hearts, as described previously (30) . Rod-shaped cells, with well defined striations and without sarcolemmal blebs, were selected for electrophysiological studies under a Nikon Diaphot inverted microscope equipped with differential interference contrast. Cells were continuously superfused with Tyrode's solution at room temperature.
Patch electrodes were fabricated in a two-stage puller (L/M 3P-A, patch pipette puller; List-Electronic, Darmstadt, Germany) and were filled with 120 mM KCl, 0.5 mM CaCl2, 11 mM EGTA/NaOH, 9 mM NaCI, 2 mM MgCl2, and 10 mM Hepes, pH 7.2. Resistance of the electrodes in this solution ranged from 4 to 6 MQ. A patch-clamp amplifier (EPC-7; List-Electronic) was used to study the electrophysiological properties of the isolated myocytes under the whole cell patchclamp technique (31 ) . After seal formation and rupture of the membrane patch, resting and action potential amplitudes were routinely 
Results
Anti-Ro/SSA induced conduction disturbances in whole hearts. The most common cardiac conduction disorders associated with NLE involve the specialized tissues of the heart. Thus, EKG recording of the electrical activity of whole hearts, perfused by the Langendorff technique, constitutes an adequate, simple, and rapid method to screen the arrhythmogenic effects of anti-Ro/SSA-(or anti-Ro/SSA-and anti-La/SSB-) positive sera. Fig. 1 illustrates the effect of perfusing isolated rabbit hearts with IgG' from a Ro/SSA-positive serum. The EKG recorded in Tyrode's shows a regular sinus rhythm with a 120 beats per minute (bpm) rate (Fig. 1 A) . 10 min after starting the perfusion with 0.3 mg/ml anti-Ro/SSA-positive IgG' in Tyrode's solution, a 2:1 second degree A-V block ensued (Fig. 1 B) . Frequency of P waves was 1 10 bpm. 11 min after returning to normal Tyrode's solution, the A-V block was not reversed and progressed to a 3:1 block that was maintained for another 10 min before ending the experiment (Fig. 1 C) . Frequency of P waves decreased to 100 bpm.
The results from 15 other experiments done with one antiRo/La-and eight anti-Ro-positive IgG+ sera are listed in the Columns, from left to right, describe the number of different patients' sera tested, the number of experiments done with each patient's serum, the number of experiments where A-V block was detected with each patient's serum, and the percentage of reduction in heart rate in those experiments where A-V block was not detected. * In brackets is the percent P wave frequency reduction for each experiment where A-V block was observed. t Patient was anti-Ro/SSAand anti-La/SSB-positive. detected. Sinus rhythm and P-R interval were maintained, but beat rate decreased by 12.9 and 3.3%, respectively. Statistical analysis using unpaired Student's t tests indicates that the reduction in frequency obtained in the two groups is not significantly different (P = 0.068). When the same statistical treatment is applied to the anti-Ro/SSA versus normal group, the reduction in beat rate is significantly different between the two groups (P = 0.001), but not between the anti-Ro/SSA versus anti-RNP groups (P = 0.29).
Slow inward currents are inhibited by anti-Ro/La-positive sera in isolated myocytes. To gain a better insight into the cellular mechanisms involved in the arrhythmogenic effects of antiRo/La-positive sera, we decided to study the effects of these sera in isolated myocytes from young rabbit hearts by the whole cell patch-clamp technique. Resting and action potential amplitudes were not altered by superfusion of the myocytes with anti-Ro/La-positive, anti-RNP-positive, or normal sera. These results and those of Alexander et al. (22) Pulse protocol was changed slightly in A, clamping the membrane potential from -100 to +62 mV and thus allowing observation of the inwardly rectifying potassium current.
nor normal (B) IgG', at 0.3 mg/ml in Tyrode's, reduced the peak I1,s. In obtaining the I-V plot for Fig. 3 A, a slightly different pulse protocol was used, clamping the membrane potential of the myocyte from -100 to +62 mV, from a holding of -40 mV. Fig. 4 illustrates the effects of IgG+ and IgG-fractions of the same anti-Ro/SSA-positive serum on two isolated myocytes. After the control measurement (open circles), the cell was superfused for 5 min with the IgG + fraction and a marked reduction in peak Iri was observed (open triangles) (Fig. 4 A) . 
Discussion
In this paper we show for the first time that the cardiac conduction disorders associated with NLE can be reproduced in an animal model. The occurrence of conduction blockade and Isi reduction when using either monospecific anti-Ro/SSA or anti-Ro/SSA and anti-La/SSB sera suggests that the anti-La activity is not essential for the observed effects.
Aside from a reduction in beat rate, also detected with IgG + from-anti-RNP-positive and normal sera, in one-third of the experiments done using anti-Ro/ La-positive sera we observed varying degrees of A-V block, most likely attributable to conduction disturbances within the A-V node. This result has important implications with regard to the etiopathogenesis of NLE, and in more general terms to the pathological role of autoantibodies in autoimmune diseases. It suggests that the presence of anti-Ro/SSA antibodies may be sufficient to induce the CHB, and that the presence of other components of the immunological response repertoire may not be essential for the primary effect. The fact that all sera, and sometimes sera obtained at different times from the same patient, did not produce the blockade deserves further studies. This variability is similar to that found in human NLE where disease expression may differ even in siblings (33) . It remains unclear at present whether the pathogenic antibody is a subpopulation of antiRo/SSA or another antibody specificity linked to anti-Ro/ SSA. The use of affinity-purified anti-Ro/SSA antibodies in these experiments should help resolve this issue and, more importantly, should establish a definite relation between anti-Ro/ SSA antibody activity and cardiac conduction blockade.
Conduction in the A-V node is essentially dependent on calcium electrogenesis. Thus, A-V block is expected to result from treatments leading to reduction of the Isi Therefore, our results in the isolated ventricular myocytes correlate well with the observations at the whole heart level, since the L-type calcium channel is mainly responsible for Isi in ventricular myocytes and for the propagation ofthe action potential in the A-V node. We have not detected significant alterations in outward currents during superfusion with any of the sera. However, the small amplitude or virtual absence of many components ofthe potassium outward currents in ventricular myocytes from rabbit hearts (32) precludes a precise analysis. At any rate, the rabbit heart is certainly a better model for the human cardiac electrogenesis than the rat heart, where transient outward current is very pronounced (34) . The observation that resting and action potential amplitudes were also not affected by any of the sera used is in agreement with the report of Alexander et al. (22) . These investigators have shown that resting potential and the maximum derivative of the upstroke of the action potential were not changed significantly by the presence of the anti-Ro-positive sera. Taken together, these results suggest that neither sodium nor inward rectifying potassium currents are affected by the anti-Ro/SSA-positive IgG'. Thus, the effect on the Isi seems to be quite specific and qualitatively explains our result (A-V block) and that of Alexander et al. (shortening of the action potential duration in neonatal rabbit hearts).
The lack of effect of the anti-Ro/SSA-positive sera reported by Alexander et al. (22) when using adult papillary muscle from rabbit hearts appears to contrast with our results in isolated myocytes from the same species. However, it is important to note that a clear distinction must be made between effects observed in isolated myocytes and those observed using muscle bundles, where coupling between cells contributes a source of current to reduce variations in the membrane potential of the impaled cell. Also, the sensitivity of the isolated cell studies is further amplified by the voltage-clamp conditions used here, where the major inward current activated is the Ltype calcium current. Increased action potential duration is characteristic ofthe neonatal heart (22, 34) . Therefore, it is not surprising that the effects seen by Alexander et al. were more pronounced in the neonatal than in the adult papillary muscle.
The short latency effect ofthe anti-Ro-positive IgG + favors a direct interaction with an antigenic site at the sarcolemma. Under some circumstances, keratinocytes express the Ro/SSA protein at the cell surface membrane (35, 36) in addition to its normal intracellular localization. Immunocytochemistry of newborn papillary muscles showed positive staining with antiRo/SSA-positive affinity-purified serum in some cells, although membrane localization could not be demonstrated (22) . Even if the Ro protein is expressed at the surface membrane it is not clear how the antibody-antigen interaction might affect the calcium channels. Nonspecific cell deterioration, leading to increased intracellular calcium concentration (which is known to inactivate calcium current), is unlikely because resting potentials, action potential amplitudes, and input resistances of the cells were not affected. That the voltage dependence and the time to reach peak Isi were not altered significantly by the anti-Ro/SSA-positive IgG' suggests a blocking effect by reduction of the total number of calcium channels available to open. The reduction in the number of functional calcium channels as a result of a nonspecific hindrance effect at the channel mouth because of anti-Ro/SSA antibody Ro-antigen interaction is highly unlikely because other channel types would be expected to also be affected. The simplest explanation is a direct interaction between the antiRo/SSA antibody and the calcium channel protein. IgG from patients with the Lambert-Eaton syndrome has been shown to block L-type calcium channels in bovine adrenal chromaffin cells in a rather specific way (37) .
One of the three reported cDNA clones for the Ro/SSA peptides is highly homologous to rabbit calreticulin (38), a high affinity calcium-binding protein ofthe endoplasmic reticuAnti-Ro/SSA Antibodies and Congenital Heart Block in Neonatal Lupus 723 lum (39) , suggesting the possibility that Ro/SSA and calcium channel proteins might share epitopes as well. Although calreticulin and Ro/SSA probably are not members ofthe same protein family (40), antibodies to calreticulin have been found in SLE patients (41 ) . The recent cloning ofthe Ro antigens combined with the results reported here strongly indicate that testing the effect of antibodies specific for the 46-, 52-, and 60-kD Ro peptides in isolated myocytes will yield increased insight into the molecular mechanisms underlying the effects of the anti-Ro-positive IgG' in the blockade of the L-type cardiac calcium channel.
